Introduction
Glioblastoma (GBM) is the most frequent and most aggressive type of primary brain tumor in humans (1) and, even in the most favorable cases, patients with malignant glioma die within 2 years (2). Standard therapies are not successful because of the infiltrative behavior of the tumor cells. Recurrence of the tumor is now attributed to a small population of cells termed cancer-initiating cells/cancer stem cells (3) (4) (5) . Stem cells are characterized by their ability to self-renew as well as to generate differentiated cells within each organ. Most of the recent work being carried out is focused on targeting the self-renewal capacity of cancer stem cells. A number of developmental signaling pathways, such as Wnt, Notch and hedgehog, have been found to play a role in regulating the self-renewal of normal stem cells in the hematopoietic system, the skin, the nervous system and the breast (6) (7) (8) . A series of pathways, including sonic hedgehog (SHH), Notch and Wnt-β-catenin, have been shown to be implicated in the resistance of gliomas to alkylating agents and/or the maintenance of brain tumor stem cells. Apart from these signaling events, transcription factors, such as Sox2 and Bmi1, have been extensively studied due to their role in cancer stem cell initiation and maintenance of various cancer stem cells (9) (10) (11) .
SHH is involved in prenatal brain development and is associated with cell proliferation. The SHH pathway is active in brain tumors and its inhibition by cyclopamine decreases the proliferation of brain tumor cells (12) . The importance of this pathway in the maintenance of glioma progenitor cells has been reported previously (13, 14) . Clement et al. (13) . showed that SHH signaling regulates the expression of 'stemness' genes and the self-renewal of CD133-expressing (CD133+) glioma cancer stem cells.
The transcription factor Sox2 is considered a master gene of mammalian embryogenesis and plays a pivotal role in sustaining growth and self-renewal of several stem cell types, both embryonic and adult (15) (16) (17) . Sox2 has also been implicated in several cancers including glioma (18) (19) (20) , gastric cancer (21) , breast cancer (22) and pancreatic cancer (23) . Sox2 deficiency causes impaired neurogenesis in adult mouse brain (24) . The transcription factor Sox2 controls gene expression during development and has roles in both neurogenesis and gliogenesis; a positive correlation between Sox2 expression and malignancy grade in gliomas has been reported (25) . Bmi1, a member of the polycomb group proteins, is involved in brain development (26) , and it is amplified and/or overexpressed in various human cancers, such as non-small cell lung cancer (27) , colorectal carcinoma (28) , medulloblastoma (26) , lymphoma (29) , multiple myeloma (30) and primary neuroblastoma (31) . In addition, it was recently shown that inhibition of Bmi1 by microRNA-128 attenuates glioma cell proliferation and self-renewal (32) . Mice lacking Bmi1 display neurological abnormalities and postnatal depletion of stem cells from the central and peripheral nervous systems (33) (34) (35) (36) . Importantly, the INK4A/ARF locus, which encodes the two tumor suppressor proteins p16INK4A and p14ARF, is the main target of Bmi1 oncogenic and stem cell proliferation activities (37) .
Here, we report that upregulation of uPAR and cathepsin B induces Sox2 and Bmi1 expression, which play essential roles in the maintenance of the stemness of glioma-initiating cells (GICs). Further, short hairpin RNA (shRNA) targeted against uPAR and cathepsin B reduced the expression of Sox2 and Bmi1. We also demonstrate that GLI2, a key mediator of SHH signaling, acts upstream of Sox2 and Bmi1 and influences their expression by binding to the promoter. These findings open the way to deprive glioma stem cells (GSCs) of their tumorigenic activity and will offer new therapeutic possibilities.
Materials and methods

Cell culture
Glioma cell lines U87 and U251 were used in this study. For wild-type and the CD133− cells, we used Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum and 1% penicillin/streptomycin. For isolated CD133+ cells, we used serum-free DMEM F12 50/50 containing recombinant human epidermal growth factor (20 ng/ml), basic fibroblast growth factor (20 ng/ml), leukemia inhibitor factor (10 ng/ml) and N2 supplements.
Isolation of CD133+ cells
Evaluation of the size of the CD133+ population in each cell line was undertaken by flow cytometry using a phycoerythrin-(PE) labeled antibody, CD133/1 (clone AC133/1; Miltenyi Biotec, Bergisch Gladbach, Germany). Cells grown in Petri plates were washed once with sterile 1× phosphatebuffered saline (PBS), detached and centrifuged. The pellet was blocked in filter-sterilized 2% bovine serum albumin in PBS for 30 min. Then, the cells were incubated with PE-labeled CD133 antibody (1:100 in 1% bovine serum albumin) for 30 min at 4°C. An isotype-and concentration-matched PE-labeled control IgG antibody (Miltenyi Biotec) was used, and samples labeled with this antibody were used to set the gating levels. After three 5 min washes with 1× PBS, the cells were used for sorting CD133+/CD133− cells. Sorting was performed on FACSAria (BD Biosciences), and the data were analyzed. Sorted Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; DMEM, Dulbecco's modified Eagle's medium; FACS, fluorescence-activated cell sorting; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GBM, glioblastoma; GICs, glioma-initiating cells; mRNA, messenger RNA; PBS, phosphate-buffered saline; PE, phycoerythrin; SHH, sonic hedgehog; shRNA, short hairpin RNA; siRNA, small interfering RNA; SV, scrambled vector. uPAR and cathepsin B in self-renewal of GICs CD133+ cells were cultured in DMEM F12 50/50 with added growth factors, and the CD133− cells were cultured in serum-containing DMEM. U87 and U251 CD133+ cells were labeled as U87S and U251S, respectively. Similarly, CD133−ve cells were labeled as U87NS and U251NS, respectively.
Subsphere formation and differentiation assays
The isolated CD133+ cells were maintained in the neural stem cell medium as described earlier, and when the primary spheres reached an approximate size of 100-200 cells per sphere, they were dissociated and plated onto a 96-well plate containing 0.1 ml of neural stem cell medium at 1-2 cells per well. Adherent non-sphere forming cells and parental cells were used as controls when determining capacity to form tumor cell clones. Cells were maintained in the plate for 14 days, and fresh medium was added every 2-3 days. Then, the wells were scored for sphere formation and only those wells containing a single cell were considered. Spheres that were developed in the 96-well plates were dissociated into single cell suspension and seeded into chamber slides for differentiation assay. The cells were grown for 14 days in medium devoid of growth factors but permissive for differentiation. After the incubation period, the cells were subjected to immunofluorescence assay.
Transfections, radiation and inhibitor treatments
We used a bicistronic shRNA construct directed against both uPAR and cathepsin B (pCU) in this study. Construction of the bicistronic vector has been described previously (38) . Small interfering RNA (siRNA) for Sox2 (Sox2-si) and Bmi1 (Bmi-si) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Full-length cathepsin B and uPAR overexpressing plasmids were purchased from Origene (Rockville, MD). All the antibodies used in this study were purchased from Santa Cruz Biotechnology unless otherwise specified. The scrambled vector (SV) sequence corresponded to the bicistronic shRNA directed against the cathepsin B and uPAR (pCU). The vectors were transfected into U87 and U251 wild-type cells as well as GICs independently with FuGene HD reagent as per the manufacturer's instructions (Roche Diagnostics, Indianapolis, IN). For GICs, sphere cells were dissociated before transfection. For the inhibitor study, cells seeded in six-well plates were treated with cyclopamine (10 µM), a potent hedgehog signaling inhibitor, for 24 h. To determine the chemoresistance of isolated U87S and U251S cells, we used temozolomide (10 µM). For radiation treatment, cells were irradiated with different doses of radiation (3, 5 and 10 Gy) using a RS 2000 Biological Irradiator (Rad Source Technologies, Boca Raton, FL).
Western blot and immunofluorescence assay
Cells were washed with ice-cold PBS and resuspended in radioimmune precipitation assay buffer. The cell lysates were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by western blotting. The following antibodies were used: uPAR, cathepsin B (Athens Research and Technology, Athens, GA), CD133, GFAP, Sox2, Bmi1, GLI1, Nestin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Signals were detected using Pierce Western Blotting substrate (Pierce, Rockford, IL).
To determine the expression of neural stem cell (NSC) markers and lineage markers, we carried out immunostaining. For staining the primary cultured tumor cells and differentiated GBM spheres, the cells growing in pre-coated chamber slides were washed with PBS, fixed with 4% paraformaldehyde, permeabilized with ice-cold methanol and rehydrated with PBS. Anti-goat serum was used for blocking as well as for primary antibody dilution and incubation. The antibodies used in this study were CD133, Nestin, GFAP and β III tubulin. The cells were counterstained with 4′,6-diamidino-2-phenylindole (DAPI; Sigma) to reveal nuclei. Expression was visualized by fluorescence microscopy (Olympus IX71; Olympus Optical Co., Tokyo, Japan) and photographed.
Reverse transcription-PCR analysis CD133+ spheres, wild-type cells, CD133− cells and all of the treated cells (transfection/inhibitors) and differentiated progeny were, respectively, subjected to total RNA extraction using Trizol reagent (Invitrogen, Carlsbad, CA) and converted to complementary DNA using Transcriptor First Strand cDNA synthesis kit (Roche Diagnostics) as per the manufacturer's instructions. Primers used for the study are listed in Supplementary Table 1, available at Carcinogenesis Online. GAPDH served as an internal control. PCR product was analyzed by agarose gel electrophoresis. Quantitative PCR analysis was set up with iQ SYBR Green Supermix kit (Bio-Rad Hercules, CA).
Chromatin immunoprecipitation analysis
Cytoplasmic and nuclear extracts from the treated cells were isolated using the Active Motif Nuclear Extraction Kit (Active Motif, Carlsbad, CA) according to the manufacturer's instructions. Nuclear fractions were subjected to chromatin immunoprecipitation analysis. GLI immunoprecipitations were performed, and the co-precipitated chromatin was analyzed by PCR for GLI recruitment on Sox2 and Bmi1 promoter using primers specific for Sox2 and Bmi1 promoters. Primers are listed in Supplementary Table 1, available at Carcinogenesis Online.
PGL3 promoter vector construction and luciferase assay
We constructed various PGL3 promoter constructs, including pGL3-Bmi1 luc, pGL3-Sox2 luc and pGL3-GLI2 luc vectors. Bmi1, Sox2 and GLI2 promoter regions were amplified from genomic DNA using the following primers with specified restriction sites on 5′ and 3′ regions of forward and reverse primers, respectively: Bmi1-F: gtcGAGCTCGAGCATGGCTTTGAAAATGTC (SacII site in bold) Bmi1-R: gcaAGATCTTGGGCAGTATCTTTCCCTCTT (BglII site in bold) Sox2-F: gtcGAGCTCGGCTTTGTTTGACTCCGTGT (SacII site in Bold) Sox2-R: gcaAGATCTGGGGCTGTCAGGGAATAAAT (BglII site in Bold) GLI2-F: aaaCTCGAGCATGCACCAAATCCATAGAG (XhoI site in bold) GLI2-R: aaaAAGCTTTCAGAGCAGAATGAGCGAAT (HindIII site in bold)
These primers amplify a 778 bp (located between −1880 to −1022 bp), a 1483 bp (located between −1501 to −18 bp) region and a 2 kb (located between −2080 to −80 bp), respectively. The PCR product was cloned into the promoter-less luciferase reporter vector, pGL3 basic (Promega, Madison, WI), predigested with respective enzymes and labeled as B1-luc for Bmiluc promoter, S1-luc for Sox2-luc promoter and GLI2-luc for GLI2-luc promoter.
Luciferase activity was measured with Promega's luciferase assay kit. Following 48 h of transfection, cells were washed twice with PBS and lysed with 100 ml of reporter lysis buffer. The lysate was shaken at room temperature for 10 ± 15 min, after which 20 µl of each cell lysate was mixed with 100 µl of buffer and measured for luciferase activity in a Turner Luminometer (Turner Designs, Sunnyvale, CA) over an integration period of 15 s. Values obtained were normalized to GAPDH levels. Mice with intracranially injected cells were treated with mock, SV and pCU using Alzet minipumps at the rate of 0.25 ml/h. After 4 (subcutaneous) and 6 weeks (intracranial) of cell implantation, animals were killed and tumors were processed. U251 GICs stably transfected with a luciferin-expressing plasmid were used to check the tumor formation efficiency and also for serial implantation studies (n = 3). Orthotopic tumor formation ability was also tested by implanting 100 CD133+ cells in matrigel. To detect tumor growth, animals received an intraperitoneal injection of 2.5 mg of D-luciferin sodium salt (Gold Biotechnology, St Louis, MO) suspended in 50 µl of PBS, and tumor growth was monitored using the IVIS-200 Xenogen imaging system (Xenogen Corporation, Alameda, CA). Brain sections were stained with hematoxylin and eosin to visualize tumor cells and to determine tumor volume. All of these procedures were carried out as described previously (39, 40) . To characterize the brain tissue using immunohistochemistry, sections were treated with primary antibodies for uPAR, cathepsin B, Nestin, Sox2 and Bmi1.
Tumor cell implantation, treatments and immunohistochemistry
Results
Isolation and characterization of glioma stem cells
Increasingly, studies have shown that brain tumors originate from CD133+ cancer stem-like cells that recapitulate the self-renewal and multilineage differentiation characteristics of the original tumor (3, 4, 41) . Through fluorescence-activated cell sorting (FACS), we obtained about 18-20% CD133+ cells in both the cell lines used ( Figure 1A) . Isolated CD133+ cells, after 3-4 generations, were further subjected to FACS analysis to check for CD133 expression; the results indicated 98% expression as compared with controls ( Figure 1B ). They were maintained under serum-free conditions and their ability to self-renew was assessed by the subsphere forming capacity of these cells (Supplementary Figure 1 , available at Carcinogenesis Online). We compared the expression of stem cell markers in the CD133+ cells of both the cell lines. Total proteins isolated when subjected to immunoblot analysis revealed high expression of stem cell markers, such as Nestin and CD133, as compared with wild-type cells ( Figure 1C ). Further confirmation of the high expression of stem cell markers was obtained from immunocyto analysis ( Figure 1D ). To test the efficiency of stem cells to differentiate under serum conditions, we dissociated the stem cell spheres, cultured them in serum medium for 7 days and immunostained them to determine the expression of differentiation markers. The results indicated that the cells efficiently differentiated in serum and showed high expression of GFAP, Tuj-I and O4 ( Figure 1D ). The immunogenicity of the cells was tested by injecting the CD133+, CD133− and wild-type cells (1 × 10 3 ) subcutaneously into the mice. CD133+ cells induced tumor formation within 1 month of injection, whereas the wild-type cells showed no signs of tumor formation. However, upon longer exposure (2 months), wild-type cells injected mouse formed small tumors (data not shown) indicating that the CD133+ cells are more tumorigenic as compared with the wild-type cells. CD133− cells failed to form tumors with the number of injected cells within the stipulated time period ( Figure 1E ). To test the orthotopic tumor initiation capacity of GICs, mice were injected with 100 CD133+ U251 luciferase cells and a serial in vivo transplantation study was also performed. Results indicated that within the stipulated time frame 100 CD133+ cells were sufficient to initiate tumors in mice (Supplementary Figure 2A, available at Carcinogenesis Online). Bioluminescence imaging of mice and hematoxylin and eosin staining after serial transplantation of cells showed tumor formation (Supplementary Figure 2B , available at Carcinogenesis Online). Also, we confirmed the stemness of the cells by exposing the cells to temozolamide and radiation. Both the treatments demonstrated the resistance of isolated CD133+ cells compared with the wild-type cells ( Figure 1F ).
uPAR and cathepsin B are highly expressed in glioma stem cells As we have previously reported the importance of uPAR and cathepsin B expression in gliomas, we checked for the expression of uPAR and cathepsin B in glioma stem cells. Immunoblot results show that CD133+ cells had high expression levels of uPAR and cathepsin B when compared with the wild-type cells, indicating that these proteins might play a key role in maintaining the stemness of the CD133+ cells (Figure 2A) . To test the potential roles of uPAR and cathepsin B in GICs, we first examined the effect of downregulation and upregulation of these two proteins on the biological characteristics. Immunoblot and reverse (Figure 2A and B) . After flU and flC treatments, we observed an increased sphere-forming ability (an efficient indicator of self-renewal) in GICs ( Figure 2C ). In contrast, pCU treatment induced apoptosis with increased incubation time, and hence, we were unable to continue the experiments with pCU treatment in regards to the sphere formation assay. Next, to examine the expression of neural precursor or differentiation markers in cells, spheres in serum-free medium were disaggregated and seeded on poly-l-ornithine and fibronectin-coated glass slides. Downregulation of uPAR and cathepsin B decreased the number of cells positive for Nestin (a neural precursor cell marker) and increased the number of cells positive for GFAP (an astrocyte differentiated marker) ( Figure 2D ). Taken together, these findings suggest endogenous uPAR and cathepsin B signaling maintains the stemness of GICs.
uPAR and cathepsin B induce Sox2 and Bmi1 expression in GICs to maintain their stemness
To elucidate the mechanism by which the stemness of GICs is maintained by uPAR and cathepsin B, we next examined the effect of downregulation and upregulation of these two proteins on expression of various markers for stemness. Immunoblot analysis revealed decreased expression of Sox2 and Bmi1 in pCU-treated cell lysates, whereas we observed increased expression with the upregulation of uPAR and cathepsin B ( Figure 3A) .
To specify the roles of Sox2 and Bmi1 in inducing self-renewal, we used siRNA against Sox2 and Bmi1. The siRNA constructs efficiently downregulated the expression of Sox2 and Bmi1 in CD133+ cells ( Figure 3B ). Knockdown of Sox2 and Bmi1 expression by siRNA resulted in decreased size of CD133+ subpopulation (75.1-29.3% or 35.9% in both cell lines used) ( Figure 3C ) and drastic reduction of sphere-forming ability and self-renewal capacity of GICs ( Figure 3D ). These findings indicate that Sox2 and Bmi1 are essential for maintenance of stemness of GICs. To further confirm the role of uPAR and cathepsin B in upregulating Sox2 and Bmi1 expression, we created Bmi-promoter-luc and Sox2-promoter-luc constructs. After transfecting the cells with flU, flC and pCU, we carried out a second transfection with the luc constructs. Expression of luciferase under the control of Sox2 promoter increased by 2-fold in flU-and flC-transfected cells. However, pCU-transfected cells showed a 1.5-fold decrease in luciferase expression. Similarly, Bmi promoter driven luciferase construct showed a 1-fold increase in flU-and flC-treated cells compared with controls, and pCU-transfected cells showed a 1-fold decrease in luciferase expression compared with control in both the cell lines used. These results clearly show that uPAR and cathepsin B influence the expression of Sox2 and Bmi1 ( Figure 3E ).
Hedgehog signaling acts upstream of Sox2 and Bmi1
We compared expression of the genes in the hedgehog pathway in U87S and U251S to that of their wild-type cells. From quantitative RT-PCR analysis, we found that hedgehog receptors PTCH and SMO are expressed in both cell populations. However, GICs of both the cell lines expressed 4-fold higher levels of PTCH messenger RNA (mRNA) and 3-fold higher levels of SMO mRNA than wild-type glioma cells. We measured the expression of transcription factors GLI1 and GLI2, which are downstream components of the hedgehog pathway, and found that GICs have almost 10-fold higher levels of GLI1 mRNA and 6-fold higher levels of GLI2 mRNA than wild-type cells ( Figure 4A ). Taken together, these results indicate that the hedgehog signaling pathway is activated in stem/progenitor cells.
We next checked the effect of uPAR and cathepsin B upregulation and downregulation on hedgehog signaling components. The simultaneous downregulation of uPAR and cathepsin B reduced the expression of GLI1 and GLI2 and increased PTCH at the RNA level and vice versa in uPARand cathepsin B-upregulated cells ( Figure 4B ). To confirm that uPAR and cathepsin B affected GLI2 expression, we constructed a 2.0 kb GLI2-luc-pGL3 vector and determined luciferase expression after treatment. Luciferase expression increased by 2-fold in flU-and flC-treated cells but decreased by 2.5-fold in pCU-treated cells as compared with cells transfected with GLI2-luc alone ( Figure 4C ). To determine whether uPAR-and cathepsin B-mediated high expression of Sox2 and Bmi1 occurs through hedgehog signaling, we used cyclopamine (10 µM) in this study. When treated with cyclopamine, U251S and U87S cells showed decreased expression of GLI2 at the RNA level. Real-time PCR data showed a 3-fold decrease of GLI2 levels in both cell lines ( Figure 4D ). After 24 h of transfection, a second transfection was performed with S1-luc and Bmi1-luc constructs as described in Materials and methods. Luciferase expression was quantified using Promega's luciferase assay kit with a Turner Luminometer and is represented graphically. Luciferase expression after the various treatments is represented graphically (*P ≤ 0.05, **P ≤ 0.01).
uPAR and cathepsin B in self-renewal of GICs
Also, when treated with cyclopamine in two-well chamber slides, the spheres showed increased differentiation of cells from spheres. In addition, the differentiated cells showed high expression of the differentiation marker GFAP and decreased expression of Nestin ( Figure 4E ). The smaller spheres in the treated wells completely differentiated and those pictures are represented. When treated with cyclopamine, dissociated GIC cells generated 20% secondary sphere formation as compared with 80% in untreated cells ( Figure 4F) . Further, immunoblot analysis of the cells treated with cyclopamine, a specific hedgehog inhibitor, showed decreased expression of Sox2 and Bmi1, which indicates that hedgehog signaling might act upstream of Sox2 and Bmi1 ( Figure 4G ).
uPAR and cathepsin B overexpression increases GLI binding on Sox2 and Bmi1 promoters
As indicated by the earlier experiments, cyclopamine treatment decreased expression of Sox2 and Bmi1. To examine whether this (10 µM) treatment on the expression of GLI2 at the mRNA level. Total RNA was isolated from U87S and U251S cells after 24 h of cyclopamine treatment and subjected to RT-PCR analysis. Fold difference in the expression of GLI2 is represented graphically. (E) Immunocyto analysis to check the effect of cyclopamine on differentiation and the expression of stem cell markers. Immunocyto analysis was performed for GFAP and Nestin expression after cyclopamine treatment. Overlapped pictures of DAPI and the specified antibody are represented. (F) Graphical representation of sphere forming ability after cyclopamine treatment is represented (**P ≤ 0.01). (G) Effect of cyclopamine treatment on Sox2 and Bmi1 expression. Immunoblot analysis of total protein was performed for Sox2 and Bmi1 expression. GAPDH was used as a loading control. (H) Nuclear extracts isolated from U87S and U251S cells were subjected to chromatin immunoprecipitation analysis. GLI2 immunoprecipitations were carried out, and the co-precipitated chromatin was analyzed using PCR with specific primers for the Sox2 and Bmi1 promoter sequence.
regulation is direct, we performed chromatin immunoprecipitation assay using antibody against GLI2. PCR amplification of chromatin DNA cross-linked to GLI2 showed the presence of Sox2 and Bmi1 promoter fragments spanning the regions between −341 to −643 and −92 to −234, respectively, in control cells suggesting binding by endogenous GLI2. Recruitment of GLI2 to the Sox2 and Bmi1 promoters increased 48 h after flU and flC treatments of U87S and U251S cells; this recruitment was clearly suppressed by pCU treatment ( Figure 4H ). These results appear to be due to regulation of Sox2 and Bmi1 by the GLI transcription factors.
Irradiation-induced uPAR and cathepsin B are involved in the maintenance of the stem cell nature of GICs
As radiation is known to be involved in increasing stem cell properties of various cancers, we checked whether uPAR and cathepsin B play roles in irradiation-induced stem cell marker expression. Initially, we checked the effect of radiation alone on uPAR, cathepsin B, CD133, Sox2 and Bmi1 expression. Immunoblot analysis revealed that increased radiation dosage (5 and 10 Gy) induced the expression of all of the above-mentioned molecules ( Figure 5A ). Further, when the irradiation-induced uPAR and cathepsin B expression was downregulated with pCU treatment, the expression levels of irradiationinduced CD133, Sox2 and Bmi1 were decreased ( Figure 5B ) and the upregulation of these proteins was by the percentage increase of high expression of cell population (data not shown). These results indicate that the expression of irradiation-induced stemness-related proteins is at least partially controlled by uPAR and cathepsin B.
Downregulation of uPAR and cathepsin B suppresses expression of Sox2, Bmi1 and Nestin in vivo
We studied the effect of RNAi-mediated inhibition of cathepsin B and uPAR on pre-established tumors. Hematoxylin and eosin staining revealed a large spread of tumor growth in mock and SV-treated brain sections of U87S and U251S cells ( Figure 6A ). pCU treatment increased the survival of mice compared with the controls (Figure 6B ). Immunohistochemical analysis of the tumor sections from control and SV-treated mice for cathepsin B and uPAR showed increased expression levels localized to the tumor region, whereas pCU-treated tumor sections revealed very little or no expression of cathepsin B and uPAR. When probed for Sox2, Bmi1 and CD133 protein expression, mock and SV-treated brain sections showed very high expression levels, whereas pCU-treated brain sections showed low expression ( Figure 6C ), indicating that stem cell-related molecules are efficiently inhibited by the downregulation of uPAR and cathepsin B.
Discussion
Cancer-initiating cells comprise a heterogeneous population of undifferentiated cells with the capacity for self-renewal and a high proliferative potential. Any potential cancer therapy must also target the cancer-initiating cells to successfully eradicate tumors (42) . The property of self-renewal is unique to stem cells. To investigate the role of uPAR and cathepsin B in the maintenance of stem cell nature, we used full-length complementary DNA clones to overexpress uPAR and cathepsin B and a bicistronic construct with shRNA against uPAR and cathepsin B in this study. Here, we have shown that components of uPAR and cathepsin B are important in maintenance of stem cells and are highly expressed in GICs. Furthermore, we show that upregulation of uPAR and cathepsin B promotes self-renewal of GICs through increased expression of hedgehog signaling components and high expression of Sox2 and Bmi1. Finally, we demonstrate that Sox2 and Bmi1 act downstream of hedgehog signaling as reflected by their inhibition with cyclopamine, a specific inhibitor of the hedgehog pathway.
Sox2 is known to be an important self-renewal gene and plays a pivotal role in maintaining stemness of embryonic stem cells (43) and NSCs (44) . In glioma cells, expression levels of Sox2 are linearly and exponentially correlated with those of Nestin and CD133, respectively (45) . Although it has been reported that glioma tissues highly express Sox2 mRNA as compared with non-malignant tissues (20, 46) , the role of Sox2 in glioma development has not yet been determined. Also, it has recently been reported that the polycomb gene Bmi1 plays an important role in the regulation of self-renewal of hematopoietic (47) and neuronal stem cells (34) . Here, we have shown that Sox2 and Bmi1 are expressed at increased levels in GICs when compared with wild-type U87 and U251 glioma cells. Their expression levels increased with uPAR and cathepsin B upregulation and vice versa with shRNA treatments. Furthermore, uPAR and cathepsin B upregulation increased the self-renewal capacity of U87 and U251 GICs as observed by the increased size of glioma spheres and increased subsphere formation in vitro. Thus, siRNA targeted against Sox2 and Bmi1 significantly reduced the self-renewal capacity of GICs, which indicates that uPAR and cathepsin B play important roles in self-renewal of GICs via Sox2 and Bmi1.
Independent studies have demonstrated that hedgehog signaling regulates Bmi1 expression in various cancers including glioma (48) . Similarly, GLI2 has been reported to be a novel regulator of Sox2 in neuroepithelial cells (49) . Hence, we studied the effect of uPAR and cathepsin B upregulation and downregulation on the expression of hedgehog signaling components. GLI1 and GLI2 are positive mediators of hedgehog signaling, whereas GLI3 functions as a negative regulator of this pathway (50, 51) . Consequently, we focused only on GLI1 and GLI2 in this study. Interestingly, we uPAR and cathepsin B in self-renewal of GICs observed a significant increase in GLI2 transcription factor when uPAR and cathepsin B were upregulated and vice versa with pCU treatment. Decreased protein expression of Sox2 and Bmi1 and decreased luciferase expression of S1-luc and B1 luc with the cyclopamine treatment further confirmed that GLI2 acts upstream of Sox2 and Bmi1. Chromatin immunoprecipitation analysis proved that GLI2 binds to both Sox2 and Bmi1 promoters and strongly suggests that GLI2 directly acts on Sox2 and Bmi1. Takanaga et al. (49) has reported that GLI2 binds to an enhancer that is vital for Sox2 expression, and a mechanism has been proposed that Sox2 maintains the undifferentiated state of neural stem cells through the GLI2-Sox2-Hes5 signal cascade. More recently, Gangemi et al. (18) showed that silencing of Sox2 in freshly derived GBM tumor-initiating cells stopped proliferation, and the resulting cells lost tumorigenicity in immunodeficient mice. Ikushima et al. (19) showed that inhibition of transforming growth factor-β signaling drastically decreased the tumorigenicity of GICs by promoting their differentiation, and that these effects were attenuated in GICs transduced with Sox2 or Sox4. Further, radiation induced expression of Bmi1 and Sox2, and increased phospho protein levels of ERK and EGFR were significantly decreased when treated with pCU. Eberl et al. (52) described that HH-EGFR cooperation response genes including SOX2, SOX9, JUN, CXCR4 and FGF19 were synergistically activated by HH-EGFR signal integration and were required for in vivo growth of BCC cells and tumor-initiating pancreatic cancer cells. Similarly, synergistic interaction of EGFR/ Fig. 6 . Downregulation of cathepsin B and uPAR suppresses tumor growth and decreases stem cell marker expression in vivo. Stereotactic implantation of U87S and U251S tumor cells was carried out. After 1 week, PBS (mock), SV or pCU was injected into the brain using an Alzet mini-osmotic pump. Five animals per group were used. Thirty days after implantation, the animals were killed, the brains were removed and fixed, and paraffin sections were prepared. MEK/ERK and GLI2-induced oncogenic transformation has been reported (53) . Thus, the findings of this study indicate that uPAR and cathepsin B regulates the self-renewal capacity of GICs.
In vivo results showed that the GICs had higher tumorigenic capacity when the cells were injected intracranially. However, CD133− cells (1 × 10 4 ) showed no signs of tumor within the specified period of time. These results indicate that populations with a higher tumorigenic activity were enriched in 'sphere' cells. In this study, immunohistochemistry revealed that along with cathepsin B and uPAR, the expression of Sox2, Bmi1 and GLI1 were also decreased in pCUtreated brain sections as compared with controls. Given the high degree of drug resistance and the shared cellular and gene expression profiles of adult and cancer stem cells (46) , targeting cancer stem cells (CSC) has proven to be difficult. However, decreasing selfrenewal capacity and/or inducing differentiation/apoptosis remain a promising therapeutic strategy for cancer stem cells. Piccirillo et al. (54) showed that bone morphogenetic proteins can induce differentiation of CD133+ GBM cells, thereby reducing their tumorigenic potential. The overexpression of a truncated form of GLI2 (GLI2_C) or GLI2-specific shRNA in vivo and in vitro inhibits cell proliferation and the expression of Sox2 and other NSC markers, including CD133, and Bmi1 in telencephalic neuroepithelial cells (49) . To our knowledge, our report is the first to show the significance of uPAR and cathepsin B in maintenance of self-renewal of GICs. Our results highlight the importance of uPAR and cathepsin B in the regulation of malignant stem cell self-renewal through hedgehog pathway components, Bmi1 and Sox2, and suggest that strategies aimed at inhibiting uPAR and cathepsin B represent a rational therapeutic approach to target cancer stem cells. Taken together, these results lend support to the cancer stem cell hypothesis.
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